The activities of four biotin enzymes, acetyl-coenzyme A (CoA) carboxylase, 3-methylcrotonyl-CoA carboxylase, pyruvate carboxylase, and propionyl-CoA carboxylase, and the accumulation of six biotin-containing polypeptides were determined during development of somatic embryos of carrot (Daucus carota). Acetyl-CoA carboxylase activity increased more than sevenfold, whereas the activities of 3-methylcrotonyl-CoA carboxylase, pyruvate carboxylase, and propionyl-CoA carboxylase were relatively unaltered. An increase also occurred in the accumulation of three of the biotin-containing polypeptides (molecular masses of 220, 62, and 34 kilodaltons). Of these, the most dramatic change was in the accumulation of the 62-kilodalton biotin-containing polypeptide, which increased by at least 50-fold as embryogenic cell clusters developed into torpedo embryos. (9). The biotin enzymes propionyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase, and pyruvate carboxylase catalyze the ATP-dependent formation of methylmalonyl-CoA, methylglutaconyl-CoA, and oxaloacetate, respectively. These enzymes have only recently been detected in plants (23), and nothing is yet known about their structure, regulation, or metabolic functions.
. The biotin enzymes propionyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase, and pyruvate carboxylase catalyze the ATP-dependent formation of methylmalonyl-CoA, methylglutaconyl-CoA, and oxaloacetate, respectively. These enzymes have only recently been detected in plants (23) , and nothing is yet known about their structure, regulation, or metabolic functions.
To begin the characterization of each of these enzymes, we investigated the changes in the activities of the biotin enzymes and the accumulation of biotin-containing polypeptides during development. The somatic embryogenesis system of carrot (8) enabled the isolation of large quantities of embryos at specific stages of development (6, 7, 10, 22) . We report the changes in the activities of the four biotin enzymes of plants (acetyl-CoA carboxylase, propionyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase, and pyruvate carboxylase) and the changes in the accumulation of the biotincontaining polypeptides during carrot somatic embryo development.
MATERIALS AND METHODS

Cell Cultures
Cell cultures were initiated from the secondary phloem of carrot roots (Daucus carota var Danver) and maintained essentially as previously described (10, 22) . Carrot suspension cultures were grown in modified Murashige and Skoog medium containing 0. 5 
Fractionation Procedures
The (+)2,4-D cultures were separated into embryogenic cell clusters and nonembryogenic cell fractions by Ficoll density gradient centrifugation (22) . Embryos at specific developmental stages and nonembryogenic cells were obtained from (-)2,4-D cultures by Ficoll density gradient centrifugation and size fractionation (10) . The resultant fractions were 80 to 95% pure as estimated by microscopic examinations. These fractions enabled us to examine biochemical differences among embryogenic cells, nonembryogenic cells, and embryos at specific developmental stages.
Preparation of Cell-Free Extracts
Extracts were prepared essentially as previously described (14) . Cell (22) . Transfer of such cultures to medium lacking 2,4-D resulted in the organized development of the embryogenic cell clusters into embryos, whereas the nonembryogenic cells continued to divide but did not undergo embryogenesis (10) . Embryogenic cell clusters and developing embryos at specific stages of development were examined for biotin enzymes and the accumulation of biotin-containing polypeptides. In addition, nonembryogenic cells in (+)2,4-D medium and after transfer to (-)2,4-D medium were examined to distinguish developmental changes from changes induced by the transfer of the cells to medium lacking auxin.
Activities of Biotin Enzymes
Of the four biotin enzymes, only acetyl-CoA carboxylase activity changed specifically in response to embryo development (Table I) Plant Physiol. Vol. 99, 1992 state. Cells with embryogenic capacity (embryogenic cell clusters) had twice the acetyl-CoA carboxylase activity of the nonembryogenic cells. Following transfer of the cells to (-)2,4-D medium, activity of acetyl-CoA carboxylase in nonembryogenic cells was unchanged. In contrast, as embryogenic cell clusters developed through globular, heart, and torpedo stages, acetyl-CoA carboxylase activity increased. The specific activity of acetyl-CoA carboxylase was approximately sevenfold higher in torpedo embryos than in embryogenic cell clusters. The activities of the other biotin enzymes examined, pyruvate carboxylase, propionyl-CoA carboxylase, and 3-methylcrotonyl-CoA carboxylase, showed fewer changes in association with embryo development. The activity of pyruvate carboxylase was the lowest of the biotin enzymes assayed and did not vary significantly in response to embryo development. In fact, the activity of this enzyme was near the limit of detection for the assay, and the differences in the activities among the fractions were not statistically significant.
Propionyl-CoA carboxylase activity was about threefold higher in embryogenic cell clusters than in nonembryogenic cells isolated from (+)2,4-D medium. As the embryogenic cell clusters developed into globular and heart embryos, propionyl-CoA carboxylase activity was unchanged, but activity subsequently declined in torpedo embryos.
3-Methylcrotonyl-CoA carboxylase was the most active of the biotin enzymes in both fractions of cells isolated from (+)2,4-D medium, being at least 5-to 20-fold greater than the other biotin enzymes. In contrast to the other biotin enzymes, the activity of 3-methylcrotonyl-CoA carboxylase was higher in nonembryogenic cells than in embryogenic cell clusters isolated from (+)2,4-D medium. There was little change in the activity of 3-methylcrotonyl-CoA carboxylase during embryogenesis.
Biotin-Containing Polypeptides
Biotin-containing polypeptides were detected on western blots of extracts with '25I-streptavidin (15) (Fig. 1) . the relative abundances of the biotin-containing polypeptides via the covalently attached biotin prosthetic group are detected with this methodology (15) ; thus, polypeptides would be detected only after biotinylation.
Biotin-containing polypeptides with molecular masses of 210, 140, 78, 62, 39, and 34 kD were present in carrot embryos. The accumulation of the biotin-containing polypeptides varied independently from one another during embryo development. Furthermore, the relative abundances of several of these biotin-containing polypeptides were dramatically affected by the developmental stage of the cells and embryos.
The 78-kD polypeptide was the most abundant biotincontaining polypeptide in nonembryogenic cells, regardless of whether they were grown in (+) or (-)2,4-D medium. In contrast to the nonembryogenic cells, the embryogenic cell clusters in (+)2,4-D medium predominantly accumulated both the 78-and a 34-kD biotin-containing polypeptide. As embryos developed from embryogenic cell clusters after transfer to (-)2,4-D medium, the relative abundances and proportions of the biotin-containing polypeptides changed. In particular, the 62-kD biotin-containing polypeptide increased in abundance from near undetectable levels in embryogenic cell clusters to being the most abundant biotincontaining polypeptide in torpedo embryos. Less dramatic but significant increases in the relative abundances of the 210-and 34-kD biotin-containing polypeptides were also evident. The 210-kD biotin-containing polypeptide was present at all developmental stages but accumulated to higher levels in developing embryos. The 34-kD biotin-containing polypeptide was barely detectable in nonembryogenic cells grown in (+)2,4-D medium and was not detectable in nonembryogenic cells grown in (-)2,4-D medium. This polypeptide accumulated to higher levels in both embryogenic cell clusters and in developing embryos.
DISCUSSION
The experiments reported here were undertaken with the aim of studying the changes in the activities of biotin enzymes and the accumulation of biotin-containing polypeptides during development, as a starting point to identifying the structures and metabolic functions of these enzymes.
During carrot somatic embryo development, acetyl-CoA carboxylase activity increased sevenfold, probably reflecting the greater demands for malonyl-CoA by several metabolic pathways. The major metabolic fate of malonyl-CoA is the de novo synthesis of fatty acids in plastids (18) . Fatty acids are used in the formation of new membranes during the rapid growth of the developing embryo and are assembled into triacylglycerols that are specifically synthesized during embryo development and used as an energy source during germination (2, 3, 17, 20) . However, malonyl-CoA has additional metabolic fates (14) . Malonyl-CoA is required in the cytoplasm for the elongation of fatty acids to very long-chain fatty acids, which are deposited outside the epidermis as cuticular waxes (11) . Indeed, microscopic observations indicate that a cuticular wax-like material accumulates on the surface of the embryos (J. Croxdale, E.S. Wurtele, and B.J. Nikolau, unpublished data). Malonyl-CoA is also the substrate for malonation of D-amino acids, malonation of 1-aminocyclopropane carboxylic acid, and biosynthesis of flavonoids and stilbenes (14); it is unknown whether any of these phytochemicals accumulate during carrot embryo development.
Pyruvate carboxylase, propionyl-CoA carboxylase, and 3-methylcrotonyl-CoA carboxylase activities were relatively unaltered during embryo development. Therefore, the activities of these biotin enzymes are independently regulated from that of acetyl-CoA carboxylase. Furthermore, the observed increase in acetyl-CoA carboxylase activity is probably not due to a general mechanism that would be expected to coordinately affect activities of all biotin enzymes, for example, an increase in the availability of biotin or an increased cellular capacity for biotinylation.
Extrapolation from organisms in other kingdoms (21) may provide a hint as to the as yet unknown functions of pyruvate carboxylase, propionyl-CoA carboxylase, and 3-methylcrotonyl-CoA carboxylase in plants. Pyruvate carboxylase is involved in lipogenesis, gluconeogenesis, and replenishment of oxaloacetate in the tricarboxylic acid cycle. Propionyl-CoA carboxylase and 3-methylcrotonyl-CoA carboxylase are required in the catabolism of branch-chain amino acids, branch-chain fatty acids, and odd-chain fatty acids. Whether these are the metabolic functions of these enzymes in plants remains to be elucidated. What is clear from this investigation is that during embryo development the activities of pyruvate carboxylase, propionyl-CoA carboxylase, and 3-methylcrotonyl-CoA carboxylase are not significantly affected.
The accumulation of three biotin-containing polypeptides, the 210-, 62-, and 34-kD polypeptides, increased during embryo development. Because propionyl-CoA carboxylase, pyruvate carboxylase, and 3-methylcrotonyl-CoA carboxylase activities did not change significantly during embryo development, the 210-, 62-, and 34-kD biotin-containing polypeptides probably do not represent subunits of these enzymes; presumably, these enzymes have biotin subunits of 39, 78, or 140 kD. The only biotin enzyme activity that increased during embryo development was acetyl-CoA carboxylase. There was no clear correlation between the increase in this enzyme and an increase in any single biotin-containing polypeptide. Acetyl-CoA carboxylases have been purified from plants with biotin-containing subunits of molecular masses ranging from 240 to 21 kD (1, 2, 4, 5, 13, 16). One hypothesis consistent with all these data is that plants contain more than one form of acetyl-CoA carboxylase (14, 18, 19) . Therefore, the developmental change in acetyl-CoA carboxylase activity would be the sum of the activities of the acetylCoA carboxylase isozymes. Isozymes of acetyl-CoA carboxylase would allow for the differential regulation of the supply of malonyl-CoA for the biosynthesis of diverse phytochemicals that are synthesized in at least two subcellular compartments.
In summary, in this paper we report changes in the activities of biotin enzymes and changes in the accumulation of biotin-containing polypeptides during the development of carrot somatic embryos. This developmental system readily offers material to further study the molecular mechanisms that underscore the alterations in these enzymes and polypeptides.
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